The pure leptonic or semileptonic character of τ decays makes them a good laboratory to test the structure of the weak currents and the universality of their couplings to the gauge bosons. The hadronic τ decay modes constitute an ideal tool for studying low-energy effects of the strong interactions in very clean conditions; a well-known example is the precise determination of the QCD coupling from τ -decay data. New physics phenomena, such as a non-zero m ντ or violations of (flavour / CP) conservation laws can also be searched for with τ decays.
INTRODUCTION
The τ lepton is a member of the third generation which decays into particles belonging to the first and second ones. Thus, τ physics could provide some clues to the puzzle of the recurring families of leptons and quarks. In fact, one naïvely expects the heavier fermions to be more sensitive to whatever dynamics is responsible for the fermion-mass generation.
The pure leptonic or semileptonic character of τ decays provides a clean laboratory to test the structure of the weak currents and the universality of their couplings to the gauge bosons. Moreover, the τ is the only known lepton massive enough to decay into hadrons; its semileptonic decays are then an ideal tool for studying strong interaction effects in very clean conditions.
Since its discovery 1 in 1975 at the SPEAR e + e − storage ring, the τ lepton has been a subject of extensive experimental study. 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 However, it has been during the last few years when τ physics has reached its maturity level. The very clean sample of boosted τ + τ − events accumulated at the Z peak, together with the large statistics collected in the Υ region, have not only considerably improved the statistical accuracy of the τ measurements but, more importantly, have brought a new level of systematic understanding. Many of the small (∼ 2σ) discrepancies which were plaguing before 8 the τ data have been already resolved, allowing now to make sensible tests of the τ properties. The improved quality of the data has motivated a growing interest on the τ particle, reflected in a series of workshops 14, 15, 16, 17 devoted entirely to the τ . On the theoretical side, a lot of effort has been invested recently to improve our understanding of the τ dynamics. The basic τ properties were already known, before its actual discovery, 1 thanks to the pioneering paper of Tsai. 18 The detailed study of higher-order electroweak corrections and QCD contributions, performed during the last few years, has promoted the physics of the τ lepton to the level of precision tests. There is now an ample recognition among the physics community of the unique properties of the τ for testing the Standard Model, both in the electroweak and the strong sectors. * To appear in "Heavy Flavours II", eds. A.J. Buras and M. Lindner (World Scientific, 1997).
All experimental results obtained so far confirm the Standard Model scenario, in which the τ is a sequential lepton with its own quantum number and associated neutrino. With the increased sensitivities achieved recently, interesting limits on possible new physics contributions to the τ decay amplitudes start to emerge. In the following, the present knowledge on the τ lepton is analyzed. Rather than given a detailed review of experimental results, the emphasis is put on the physics which can be investigated with the τ data. Exhaustive information on more experimental aspects can be found in Refs. 17 and 19. Within the Standard Model, the τ lepton decays via the W -emission diagram shown in Figure 1 . Since the W coupling to the charged current is of universal strength,
CHARGED-CURRENT UNIVERSALITY
there are five equal contributions (if final masses and gluonic corrections are neglected) to the τ decay width. Two of them correspond to the leptonic decay modes τ − → ν τ e −ν e and τ − → ν τ µ −ν µ , while the other three are associated with the three possible colours of the quark-antiquark pair in the τ − → ν τ d θū decay mode (d θ ≡ cos θ C d + sin θ C s). Hence, the branching ratios for the different channels are expected to be approximately:
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which should be compared with the present experimental averages 17, 19 in Table 1 . The agreement is fairly good. Notice that the measured τ hadronic width provides strong evidence for the colour degree of freedom. We will discuss later whether the QCD dynamics is able to explain the (20%) difference between the measured value of R τ and the lowest-order prediction R τ = N C .
The leptonic decays τ − → l −ν l ν τ (l = e, µ) are theoretically understood at the level of the electroweak radiative corrections. 20 Within the Standard Model (neutrinos are assumed to be massless), where f (x) = 1 − 8x + 8x 3 − x 4 − 12x 2 log x. The factor r EW takes into account radiative corrections not included in the Fermi coupling constant G F , and the non-local structure of the W propagator; these effects 20 The predicted value of B µ /B e is in perfect agreement with the measured ratio B µ /B e = 0.974 ± 0.006. As shown in Figure 2 , the relation between B e and τ τ is also well satisfied by the present data. Notice, that this relation is very sensitive to the value of the τ mass Table 2 : Present constraints 13 on |g µ /g e |.
B µ /B e R π→e/µ σ · B W →µ/e |g µ /g e | 1.0005 ± 0.0030 1.0017 ± 0.0015 1.01 ± 0.04 Table 3 : Present constraints 13 on |g τ /g µ |.
B e τ µ /τ τ R τ /π R τ /K σ · B W →τ /µ |g τ /g µ | 1.0001 ± 0.0029 1.005 ± 0.005 0.984 ± 0.020 0.99 ± 0.05
The most recent measurements of τ τ , B e and m τ have consistently moved the world averages in the correct direction, eliminating the previous (∼ 2σ) disagreement. 8 The experimental precision (0.4%) is already approaching the level where a possible non-zero ν τ mass could become relevant; the present bound 21 m ντ < 24 MeV (95% CL) only guarantees that such effect a is below 0.14%. These measurements can be used to test the universality of the W couplings to the leptonic charged currents. The B µ /B e ratio constraints |g µ /g e |, while the B e /τ τ relation provides information on |g τ /g µ |. The present results are shown in Tables 2 and 3, together with the values obtained from the π-decay ratio
, and from the comparison of the σ · B partial production cross-sections for the various
l decay modes at the p-p colliders.
24,25,26
The decay modes τ − → ν τ π − and τ − → ν τ K − can also be used to test universality through the ratios 8) where the dependence on the hadronic matrix elements (the so-called decay constants f π,K ) factors out. Owing to the different energy scales involved, the radiative corrections to the τ − → ν τ π − /K − amplitudes are however not the same than the corresponding effects in
µ . The size of the relative correction has been estimated 27,28 to be:
Using these numbers, the measured τ − → π − ν τ and τ − → K − ν τ decay rates imply the |g τ /g µ | ratios given in Table 3 . The inclusive sum of both decay modes provides a slightly more accurate determination: |g τ /g µ | = 1.004 ± 0.005.
The present data verify the universality of the leptonic charged-current couplings to the 0.15% (e/µ) and 0.30% (τ /µ) level. The precision of the most recent τ -decay measurements is becoming competitive with the more accurate π-decay determination. It is important to realize the complementarity of the different universality tests. The pure leptonic decay a The preliminary ALEPH bound, 22 m ντ < 18.2 MeV (95% CL), implies a correction smaller than 0.08% .
modes probe the charged-current couplings of a transverse W . In contrast, the decays π/K → lν and τ → ν τ π/K are only sensitive to the spin-0 piece of the charged current; thus, they could unveil the presence of possible scalar-exchange contributions with Yukawa-like couplings proportional to some power of the charged-lepton mass. One can easily imagine new-physics scenarios which would modify differently the two types of leptonic couplings.
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For instance, in the usual two-Higgs doublet model, charged-scalar exchange generates a correction to the ratio B µ /B e , but R π→e/µ remains unaffected. Similarly, lepton mixing between the ν τ and an hypothetical heavy neutrino would not modify the ratios B µ /B e and R π→e/µ , but would certainly correct the relation between B l and the τ lifetime.
LORENTZ STRUCTURE OF THE CHARGED CURRENT
Let us consider the leptonic decays l − → ν l l ′−ν l ′ , where the lepton pair (l, l ′ ) may be (µ, e), (τ , e), or (τ , µ). The most general, local, derivative-free, lepton-number conserving, four-lepton interaction Hamiltonian, consistent with locality and Lorentz invariance, 30, 31, 32, 33, 34, 35, 36 
contains ten complex coupling constants or, since a common phase is arbitrary, nineteen independent real parameters which could be different for each leptonic decay. The subindices ǫ, ω, σ, λ label the chiralities (left-handed, right-handed) of the corresponding fermions, and n the type of interaction: scalar (I), vector (γ µ ), tensor (σ µν / √ 2). For given n, ǫ, ω, the neutrino chiralities σ and λ are uniquely determined.
Taking out a common factor G l ′ l , which is determined by the total decay rate, the coupling constants g n ǫω are normalized to
In the Standard Model, g V LL = 1 and all other g n ǫω = 0. For an initial lepton polarization P l , the final charged lepton distribution in the decaying lepton rest frame is usually parametrized in the form 31,32
where θ is the angle between the l − spin and the final charged-lepton momentum, ω ≡ (m 2 l +m 2 l ′ )/2m l is the maximum l ′− energy for massless neutrinos, x ≡ E l ′− /ω is the reduced energy, x 0 ≡ m l ′ /ω and
For unpolarized l ′ s, the distribution is characterized by the so-called Michel 30 parameter ρ and the low-energy parameter η. Two more parameters, ξ and δ, can be determined when the initial lepton polarization is known. If the polarization of the final charged lepton is also measured, 5 additional independent parameters 19 
For massless neutrinos, the total decay rate is given by
where
(1 + z) ln z, and the Standard Model radiative correction b r EW has been included. Thus, the normalization G eµ corresponds to the Fermi coupling G F , measured in µ decay. The B µ /B e and B e τ µ /τ τ universality tests, discussed in the previous section, actually prove the ratios | G µτ / G eτ | and | G eτ / G eµ |, respectively. An important point, emphatically stressed by Fetscher and Gerber, 35 concerns the extraction of G eµ , whose uncertainty is dominated by the uncertainty in η µ→e .
In terms of the g n ǫω couplings, the shape parameters in Eqs. (3.3) and (3.4) are:
are positive-definite combinations of decay constants, corresponding to a final right-handed
It is convenient to introduce
34 the probabilities Q ǫω for the decay of an ω-handed l − into b Since we assume that the Standard Model provides the dominant contribution to the decay rate, any additional higher-order correction beyond the effective Hamiltonian (3.1) would be a subleading effect.
an ǫ-handed daughter lepton,
9)
Upper bounds on any of these (positive-semidefinite) probabilities translate into corresponding limits for all couplings with the given chiralities. For µ decay, where precise measurements of the polarizations of both µ and e have been performed, there exist 34 upper bounds on Q RR , Q LR and Q RL , and a lower bound on Q LL . They imply corresponding upper bounds on the 8 couplings |g 
34,38
Nevertheless, since the helicity of the ν µ in pion decay is experimentally known 39 to be −1, a lower limit on |g V LL | is obtained 34 from the inverse muon decay ν µ e − → µ − ν e . The present (90% CL) bounds 19 on the µ-decay couplings are shown in Figure 3 . These limits show nicely that the bulk of the µ-decay transition amplitude is indeed of the predicted V−A type.
The experimental analysis of the τ -decay parameters is necessarily different from the one applied to the muon, because of the much shorter τ lifetime. The measurement of the τ polarization and the parameters ξ and δ is still possible due to the fact that the spins of the τ + τ − pair produced in e + e − annihilation are strongly correlated. 18, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49 Another possibility is to use the beam polarization, as done by SLD. 50 However, the polarization of the charged lepton emitted in the τ decay has never been measured. In principle, this could be done for the decay τ − → µ −ν µ ν τ by stopping the muons and detecting their decay products. 46 An alternative method would be 51 to use the radiative decays τ → l −ν l ν τ γ (l = e, µ), since the distribution of the photons emitted by the daughter lepton is sensitive to the lepton polarization. The measurement of the inverse decay ν τ l − → τ − ν l looks far out of reach.
The present experimental status 17 on the τ -decay Michel parameters is shown in Table 4 . For comparison, the values measured in µ decay 19 are also given. The improved accuracy of the most recent experimental analyses has brought an enhanced sensitivity to the different shape parameters, allowing the first measurements 17,50,52,53,54 of η τ →µ ξ τ →e , ξ τ →µ , (ξδ) τ →e and (ξδ) τ →µ , without any e/µ universality assumption.
The determination of the τ -polarization parameters allows us to bound the total probability for the decay of a right-handed τ , 
where the last value refers to the τ decay into either l = e or µ, assuming identical e/µ couplings. Since these probabilities are positive-semidefinite quantities, they imply corresponding limits on all |g n RR | and |g n LR | couplings. A measurement of the final lepton polarization could be even more efficient, since the total probability for the decay into a right-handed lepton depends on a single Michel parameter:
Thus, a single polarization measurement could bound the five RR and RL complex couplings. Another useful positive-semidefinite quantity is
which provides direct bounds on |g V RR | and |g S RR |. A rather weak upper limit on γ + is obtained from the parameter ρ. More stringent is the bound on α + obtained from (1 − ρ), which is also positive-semidefinite; it implies a corresponding limit on |g V RL |. 19 Michel parameters. The last column (τ → l) assumes identical couplings for l = e, µ. ξ µ→e refers to the product ξ µ→e P µ , where P µ ≈ 1 is the longitudinal polarization of the µ from π decay. Table 5 gives 13 the resulting (90% CL) bounds on the τ -decay couplings. The relevance of these limits can be better appreciated in Figure 4 , where e/µ universality has been assumed. 
If lepton universality is assumed, the leptonic decay ratios B µ /B e and B e τ µ /τ τ provide limits on the low-energy parameter η. The best sensitivity 56 comes from G µτ , where the term proportional to η is not suppressed by the small m e /m l factor. The measured B µ /B e ratio implies then:
This determination is more accurate that the one in 
Model-Dependent Constraints
The sensitivity of the present data is not good enough to get strong constraints from a completely general analysis of the four-fermion Hamiltonian. Nevertheless, better limits can be obtained within particular models, as shown in Tables 6 and 7 . Table 6 : 90% CL limits for the couplings g n ǫω , assuming that there are no tensor couplings. Table 6 assumes that there are no tensor couplings, i.e. g T ǫω = 0. This condition is satisfied in any model where the interactions are mediated by vector bosons and/or charged scalars. 36 In this case, the quantities (1 − (1 − ξ) reduce to sums of |g n ǫω | 2 , which are positive semidefinite; i.e. , in the absence of tensor couplings, ρ ≤ 3 4 , ξδ ≤ 3 4 and (1 − ξ) > 2(
If one only considers W -mediated interactions, but admitting the possibility that the W couples non-universally to leptons of any chirality, 36 the stronger limits in Table 7 are obtained. In this case, the g V ǫω constants factorize into the product of two leptonic W couplings, implying 57 additional relations among the couplings, such as g
, which hold within any of the three channels, (µ, e), (τ, e), and (τ, µ). Moreover, there are additional equations relating different processes, such as
. The normalization condition (3.2) provides lower bounds on the g V LL couplings. For W -mediated interactions, the hadronic τ -decay modes can also be used to test the Table 7 : 90% CL limits on the g V ǫω couplings, assuming that (non-standard) W -exchange is the only relevant interaction.
structure of the τ ν τ W vertex, if one assumes that the W coupling to the light quarks is the Standard Model one c . The P τ dependent part of the decay amplitude is then proportional to (twice) the mean ν τ helicity
which plays a role analogous to the leptonic-decay parameter ξ. The analysis of τ + τ − decay correlations in leptonic-hadronic and hadronic-hadronic decay modes, using the π, ρ and a 1 hadronic final states, gives 19, 50, 59, 60 
Expected Signals in Minimal New-Physics Scenarios
All experimental results obtained so far are consistent with the Standard Model. Clearly, the Standard Model provides the dominant contributions to the τ -decay amplitudes. Future high-precision measurements of allowed τ -decay modes should then look for small deviations of the Standard Model predictions and find out the possible source of any detected discrepancy.
In a first analysis, it seems natural to assume 36 that new physics effects would be dominated by the exchange of a single intermediate boson, coupling to two leptonic currents. Table 8 summarizes the expected changes on the measurable shape parameters, 36 in different new physics scenarios. The four general cases studied correspond to adding a single intermediate boson exchange, V + , S + , V 0 , S 0 (charged/neutral, vector/scalar), to the Standard Model contribution. 
NEUTRAL-CURRENT COUPLINGS
In the Standard Model, tau pair production in e + e − annihilation proceeds through the electromagnetic and weak neutral-current interactions,
c A more general analysis of the process
, which includes scalar-like couplings, can be found in Ref. 58 .
At low energies (s ≪ M 2 Z ), the production cross-section is only sensitive to the coupling of the τ to the photon. From the energy dependence of the production cross-section near threshold, the spin of the τ has been determined 61,62 to be 1/2 and its mass has been measured to be 63 m τ = 1776.96
−0.17 MeV. At high energies, where the Z contribution is important, the study of the production cross-section allows to extract information on the lepton electroweak parameters. The Z coupling to the neutral lepton current is given by
i.e., the weak neutral couplings are predicted to be the same for all leptons with equal electric charge.
For unpolarized e + and e − beams, the differential e + e − → l + l − cross-section can be written as
where h l (= ±1) is (twice) the l − helicity and θ is the scattering angle between e − and l − . At lowest order, 4) and χ contains the Z propagator
The coefficients A, B, C and D can be experimentally determined, by measuring the total cross-section, the forward-backward asymmetry, the polarization asymmetry and the forward-backward polarization asymmetry, respectively:
Here, N F and N B denote the number of l − 's emerging in the forward and backward hemispheres, respectively, with respect to the electron direction. 
where Γ l is the Z partial decay width to the l + l − final state, and
is the average longitudinal polarization of the lepton l − , which only depends on the ratio of the vector and axial-vector couplings. P l is a sensitive function of sin 2 θ W . The Z partial decay width to the l + l − final state, The measurement of the final polarization asymmetries can (only) be done for l = τ , because the spin polarization of the τ 's is reflected in the distorted distribution of their decay products. Therefore, P τ and P e can be determined from a measurement of the spectrum of the final charged particles in the decay of one τ , or by studying the correlated distributions between the final products of both τ ′ s.
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With polarized e + e − beams, one can also study the left-right asymmetry between the cross-sections for initial left-and right-handed electrons. At the Z peak, this asymmetry directly measures the average initial lepton polarization, P e , without any need for final particle identification: . Assuming lepton universality, the combined result from all leptonic asymmetries gives
The asymmetries determine two possible solutions for |v l /a l |. This ambiguity can be solved with lowerenergy data or through the measurement of the transverse spin-spin correlation 47 of the two τ 's in Z → τ + τ − , which requires 64,65 |v τ /a τ | << 1. e A small 0.2% difference between Γ τ and Γ e,µ is generated by the m τ corrections. FB,Pol assumes that the τ decay proceeds through the Standard Model charged-current interaction. A more general analysis should take into account the fact that the τ decay width depends on the product ξP τ , where ξ is the corresponding Michel parameter in leptonic decays, or the equivalent quantity ξ h (= −h ντ ) in the semileptonic modes. A separate measurement of ξ and P τ has been performed by ALEPH Table 11 . The corresponding 68% probability contours in the a l -v l plane are shown in Figure 5 . The measured ratios of the e, µ and τ couplings provide a test of charged-lepton universality in the neutral-current sector.
The neutrino couplings can be determined from the invisible Z decay width, by assuming three identical neutrino generations with left-handed couplings (i.e., v ν = a ν ), and fixing the sign from neutrino scattering data. 69 The resulting experimental value, 66 given in Table 11 , is in perfect agreement with the Standard Model. Alternatively, one can use the Standard Model prediction for Γ inv /Γ l to get a determination of the number of (light) neutrino flavours 66 :
The universality of the neutrino couplings has been tested with ν µ e scattering data, which fixes 70 the ν µ coupling to the Z: v νµ = a νµ = 0.502 ± 0.017. The measured leptonic asymmetries can be used to obtain the effective electroweak mixing angle in the charged-lepton sector: f Not yet included is the recent SLD measurement 68 of the leptonic forward-backward left-right asymmetries: P e = −0.152 ± 0.012 ± 0.001, P µ = −0.102 ± 0.034 ± 0.002, P τ = −0.195 ± 0.034 ± 0.003. 
ELECTROMAGNETIC AND WEAK MOMENTS
A general description of the electromagnetic coupling of a spin- 1 2 charged lepton to the virtual photon involves three different form factors:
where q µ is the photon momentum. Owing to the conservation of the electric charge, F 1 (0) = 1. At q 2 = 0, the other two form factors reduce to the lepton magnetic dipole moment, µ l ≡ (e/2m l ) (g γ l /2) = e(1+F 2 (0))/2m l , and electric dipole moment d γ l = eF 3 (0)/2m l . Similar expressions can be defined for the ll coupling to a virtual Z.
The F i (q 2 ) form factors are sensitive quantities to a possible lepton substructure. Moreover, F 3 (q 2 ) violates T and P invariance; thus, the electroweak dipole moments d γ,Z τ , which vanish in the Standard Model, constitute a good probe of CP violation. Owing to their chiral-changing structure, the dipole moments may provide important insights on the mechanism responsible for mass generation. In general, one expects 29 that a fermion of mass m f (generated by physics at some scale M ≫ m f ) will have induced dipole moments proportional to some power of m f /M. Therefore, heavy fermions such as the τ should be a good testing ground for this kind of effects. : 68% probability contours in the a l -v l plane from LEP measurements. 66 The solid contour assumes lepton universality. Also shown is the 1σ band resulting from the A 
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The first direct limit on the weak anomalous magnetic moment has been obtained by L3, by using correlated azimuthal asymmetries of the τ + τ − decay products. 82 The preliminary (95% CL) result of this analysis is 83 :
The possibility of a CP-violating weak dipole moment of the τ has been investigated at LEP, by studying T -odd triple correlations 84, 85 of the final τ -decay products in Z → τ + τ − events. The present (95% CL) limits are 76 :
These limits provide useful constraints on different models of CP violation. 84, 86, 87, 88 T-odd signals can be also generated through a relative phase between the vector and axial-vector couplings of the Z to the τ + τ − pair, 47 i.e. Im(v τ a * τ ) = 0. This effect, which in the Standard Model appears 89 at the one-loop level through absorptive parts in the electroweak amplitudes, gives rise 47 to a spin-spin correlation associated with the transverse (within the production plane) and normal (to the production plane) polarization components of the two τ 's. A preliminary analysis of this transverse-normal spin correlation has been reported by ALEPH. 64 
CP VIOLATION
In the three-generation Standard Model, the violation of the CP symmetry originates from the single phase naturally occurring in the quark mixing matrix 90 . Therefore, CP violation is predicted to be absent in the lepton sector (for massless neutrinos). The present Z . This approximation is no longer justified if the limit is better than a few per cent.
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experimental observations are in agreement with the Standard Model; nevertheless, the correctness of the Kobayashi-Maskawa mechanism is far from being proved. Like fermion masses and quark mixing angles, the origin of the Kobayashi-Maskawa phase lies in the most obscure part of the Standard Model Lagrangian: the scalar sector. Obviously, CP violation could well be a sensitive probe for new physics.
Up to now, CP violation in the lepton sector has been investigated mainly through the electroweak dipole moments. Violations of the CP symmetry could also happen in the τ decay amplitude. In fact, the possible CP-violating effects can be expected to be larger in τ decay than in τ + τ − production. 91 Since the decay of the τ proceeds through a weak interaction, these effects could be O(1) or O(10 −3 ), if the leptonic CP violation is weak or milliweak. 91 With polarized electron (and/or positron) beams, one could use the longitudinal polarization vectors of the incident leptons to construct T-odd rotationally invariant products. CP could be tested by comparing these T-odd products in τ − and τ + decays. In the absence of beam polarization, CP violation could still be tested through τ + τ − correlations. In order to separate possible CP-odd effects in the τ + τ − production and in the τ decay, it has been suggested to study the final decays of the τ -decay products and build the so-called stage-two spin-correlation functions. 92 For instance, one could study the chain process
The distribution of the final pions provides information on the ρ polarization, which allows to test for possible CP-violating effects in the τ → ρν τ decay.
CP violation could also be tested through rate asymmetries, i.e. comparing the partial fractions Γ(τ − → X − ) and Γ(τ + → X + ). However, this kind of signal requires the presence of strong final-state interactions in the decay amplitude. Another possibility would be to study T-odd (CPT-even) asymmetries in the angular distributions of the final hadrons in semileptonic τ decays. 93 Explicit studies of the decay modes
show that sizeable CP-violating effects could be generated in some models of CP violation involving several Higgs doublets or left-right symmetry.
LEPTON-NUMBER VIOLATION
In the minimal Standard Model with massless neutrinos, there is a separately conserved additive lepton number for each generation. All present data are consistent with this conservation law. However, there are no strong theoretical reasons forbidding a mixing among the different leptons, in the same way as happens in the quark sector. Many models in fact predict lepton-flavour or even lepton-number violation at some level.
96,97,98,99,100 Experimental searches for these processes can provide information on the scale at which the new physics begins to play a significant role.
K, π and µ decays, together with µ-e conversion, neutrinoless double beta decays and neutrino oscillation studies, have put already stringent limits 19 on lepton-flavour and leptonnumber violating interactions. However, given the present lack of understanding of the origin of fermion generations, one can imagine different patterns of violation of this conservation law for different mass scales. Moreover, the larger mass of the τ opens the possibility of new types of decay which are kinematically forbidden for the µ. 
The present upper limits on lepton-flavour and lepton-number violating decays of the τ are given in Table 12 . These limits are in the range of 10 −4 to 10 −6 , which is far away from the impressive (90% CL) bounds 19 obtained in µ decay:
With future τ -decay samples of 10 7 events per year, an improvement of one to two orders of magnitude seems possible.
The lepton-flavour violating couplings of the Z boson can be investigated at LEP. The present (95% CL) limits are
Below the Z pole, the search for the lepton-flavour violating processes e + e − → e + τ − and e + e − → µ + τ − has given the (95% CL) upper bounds 103 :
σ µτ /σ µµ < 6.1 × 10 −3 . (7.3)
THE TAU NEUTRINO
All observed τ decays are supposed to be accompanied by neutrino emission, in order to fulfil energy-momentum conservation requirements. As seen in Sections 3 and 4, the present data are consistent with the ν τ being a conventional sequential neutrino. Since taus are not produced by ν e or ν µ beams, we know that ν τ is different from the electronic and muonic neutrinos, and an upper limit can be set on the couplings of the tau to ν e and ν µ : 107 are expected to improve the ν µ → ν τ oscillation limits by at least an order of magnitude.
LEP and SLC have confirmed 66 the existence of three (and only three) different light neutrinos, with standard couplings to the Z (see Section 4). However, no direct observation of ν τ , that is, interactions resulting from neutrinos produced in τ decay, has been made so far.
The expected source of τ neutrinos in beam dump experiments is the decay of D s mesons produced by interactions in the dump; i.e., p + N → D s + · · ·, followed by the decays D 108 have searched for ν τ + N → τ − + · · · interactions with negative results; therefore, only an upper limit on the production of ν τ 's has been obtained. The direct detection of the ν τ should be possible 109 at the LHC, thanks to the large charm-production cross-section of this collider.
The possibility of a non-zero neutrino mass is obviously a very important question in particle physics. There is no fundamental principle requiring a null mass for the neutrino. On the contrary, many extensions of the Standard Model predict non-vanishing neutrino masses, which could have, in addition, important implications in cosmology and astrophysics.
The first attempts to place a limit on m ντ were done by studying the endpoint of the momentum spectrum of charged leptons from the decays τ − → ν τ l −ν l (l = e, µ). The precision which can be achieved is limited by the experimental momentum resolution of fastest particles, which deteriorates with increasing centre-of-mass energy. Better limits have been set by studying the endpoint of the hadronic mass spectrum of high multiplicity τ decays. The limiting factor is then the resolution of the effective hadronic-mass determination. The strongest bound up to date is the preliminary ALEPH limit, 22 m ντ < 18.2 MeV (95% CL), (8.4) obtained from a two-dimensional likelihood fit of the visible energy and the invariant-mass distribution of τ − → (3π) − ν τ , (5π) − ν τ events. For comparison, the present limits on the muon and electron neutrinos are 19 m νµ < 170 KeV (90% C.L.) and m νe < 15 eV. Note, however, that in many models a mass hierarchy among different generations is expected, with the neutrino mass being proportional to some power of the mass of its charged lepton partner. Assuming for instance the fashionable relation m ντ /m νe ∼ (m τ /m e ) 2 , the bound (8.4) would be equivalent to a limit of 1.5 eV for m νe . A relatively crude measurement of m ντ may then imply strong constraints on neutrino-mass model building.
More stringent (but model-dependent) bounds on m ντ can be obtained from cosmological considerations. A stable neutrino (or an unstable neutrino with a lifetime comparable to or longer than the age of the Universe) must not overclose the Universe. Therefore, measurements of the age of the Universe exclude stable neutrinos in the range 110,111 200 eV < m ν < 2 GeV. Unstable neutrinos with lifetimes longer than 300 sec could increase the expansion rate of the Universe, spoiling the successful predictions for the primordial nucleosynthesis of light isotopes in the early universe 112 ; the mass range 0.5 MeV < m ντ < 30 MeV has been excluded in that case. 112, 113, 114, 115, 116 For neutrinos of any lifetime decaying into electromagnetic daughter products, it is possible to exclude the same mass range, combining the nucleosynthesis constraints with limits based on the supernova SN 1987A and on BEBC data. 115, 116 Light neutrinos (m ντ < 100 keV) decaying through ν τ → ν µ + G 0 , are also excluded by the nucleosynthesis constraints, if their lifetime is shorter than 10 −2 sec. 114 The astrophysical and cosmological arguments lead indeed to quite stringent limits; however, they always involve (plausible) assumptions which could be relaxed in some physical scenarios. 117, 118, 119 For instance, in deriving the abundance of massive ν τ 's at nucleosynthesis, it is always assumed that τ neutrinos annihilate at the rate predicted by the Standard Model. Moreover, the present observational situation is rather unclear, due to the existence of inconsistent sets of data on the primordial abundances of light isotopes 120 ; therefore, one cannot be confident in the reliability of such limits.
A ν τ mass in the few MeV range (i.e. the mass sensitivity which can be achieved in the foreseeable future) could have a host of interesting astrophysical and cosmological consequences 116 : relaxing the big-bang nucleosynthesis bound to the baryon density and the number of neutrino species; allowing big-bang nucleosynthesis to accommodate a low (< 20%) 4 He mass fraction or high (> 10 −4 ) deuterium abundance; improving significantly the agreement between the cold dark matter theory of structure formation and observations 121 ;
and helping to explain how type II supernovae explode. The electromagnetic structure of the ν τ can be tested through the process e + e − → ν τντ γ. The combined data from PEP and PETRA implies 122 the following 90% CL upper bounds on the magnetic moment and charge radius of the ν τ (µ B ≡ eh/2m e ): |µ(ν τ )| < 4 × 10 −6 µ B ; < r 2 > (ν τ ) < 2 × 10 −31 cm 2 . A better limit on the ν τ magnetic moment, |µ(ν τ )| < 5.4 × 10 −7 µ B (90% CL), (8.5) has been placed by the BEBC experiment, 123 by searching for elastic ν τ e scattering events, using a neutrino beam from a beam dump which has a small ν τ component.
A big ν τ magnetic moment of about 10 −6 µ B has been suggested, in order to make the τ neutrino an acceptable cold dark matter candidate. For this to be the case, hovewer, the ν τ mass should be in the range 1 MeV < m ντ < 35 MeV. 124 The same region of m ντ has been suggested in trying to understand the baryon-antibaryon asymmetry of the universe. 125 
HADRONIC DECAYS
The τ is the only presently known lepton massive enough to decay into hadrons. Its semileptonic decays are then an ideal laboratory for studying the hadronic weak currents in very clean conditions. The decay modes τ − → ν τ H − probe the matrix element of the left-handed charged current between the vacuum and the final hadronic state H − ,
Contrary to the well-known process e + e − → γ → hadrons, which only tests the electromagnetic vector current, the semileptonic τ -decay modes offer the possibility to study the properties of both vector and axial-vector currents.
For the decay modes with lowest multiplicity, τ − → ν τ π − and τ − → ν τ K − , the relevant matrix elements are already known from the measured decays π
The corresponding τ decay widths can then be predicted rather accurately [Eqs. (2.7) and (2.8)]. As shown in Table 3 , these predictions are in good agreement with the measured values, and provide a quite precise test of charged-current universality. Alternatively, the measured ratio between the τ − → ν τ K − and τ − → ν τ π − decay widths can be used to obtain a value for tan
This number is consistent with (but less precise than) the result (7.67±0.06)×10 −2 obtained from
For the Cabibbo-allowed modes with J P = 1 − , the matrix element of the vector charged current can also be obtained, through an isospin rotation, from the isovector part of the e + e − annihilation cross-section into hadrons, which measures the hadronic matrix element of the I = 1 component of the electromagnetic current,
The τ → ν τ V − decay width is then expressed as an integral over the corresponding e + e − cross-section 18, 126 :
where the factor S EW = 1.0194 contains the renormalization-group improved electroweak correction at the leading logarithm approximation. 20 Using the available e + e − → hadrons data, one can then predict the τ decay widths for these modes. The most recent results 131 are compared with the τ -decay measurements in Table 13 . The agreement is quite good. Moreover, the experimental precision of the τ -decay data is already better than the e + e − one. The exclusive τ decays into final hadronic states with J P = 1 + , or Cabibbo suppressed modes with J P = 1 − , cannot be predicted with the same degree of confidence. We can only make model-dependent estimates 132 with an accuracy which depends on our ability to handle the strong interactions at low energies. That just indicates that the decay of the τ lepton is providing new experimental hadronic information. Owing to their semileptonic character, the hadronic τ decay data are a unique and extremely useful tool to learn about the couplings of the low-lying mesons to the weak currents.
Chiral Dynamics
At low momentum transfer, the coupling of any number of π's, K's and η's to the V−A current can be rigorously calculated with Chiral Perturbation Theory techniques.
133,134,135,136
In the absence of quark masses the QCD Lagrangian splits into two independent chirality (left/right) sectors, with their own quark flavour symmetries. With three light quarks (u, d, s), the QCD Lagrangian is then approximately invariant under chiral SU(3) L ⊗ SU(3) R rotations in flavour space. The vacuum is however not symmetric under the chiral group. Thus, chiral symmetry breaks down to the usual eightfold-way SU(3) V , generating the appearance of eight Goldstone bosons in the hadronic spectrum, which can be identified with the lightest pseudoscalar octet; their small masses being generated by the quark mass matrix, which explicitly breaks chiral symmetry. The Goldstone nature of the pseudoscalar octet implies strong constraints on their low-energy interactions, which can be worked out through an expansion in powers of momenta over the chiral symmetry-breaking scale. 133, 134, 135, 136 In the low-energy effective chiral realization of QCD, the vector and axial-vector currents take the form 132,135 :
where the odd-parity pieces, proportional to the Levi-Civita pseudotensor, are generated by the Wess-Zumino-Witten term of the chiral Lagrangian, 137,138 which incorporates the non-abelian chiral anomaly of QCD. The 3 × 3 matrix
parametrizes the pseudoscalar octet fields. Thus, at lowest order in momenta, the couplings of the Goldstones to the weak current can be calculated in a straightforward way. The one-loop corrections are known 134, 135, 136, 139 for the lowest-multiplicity states (π, K, 2π, KK, Kπ, 3π). Moreover, a two-loop calculation for the 2π decay mode is already available. 139 Therefore, exclusive hadronic τ decay data at low values of q 2 could be compared with rigorous QCD predictions. There are also well-grounded theoretical results (based on a 1/M ρ expansion) for decays such as τ
− , but only in the kinematical configuration where the pion is soft.
140
τ decays involve, however, high values of momentum transfer where the chiral symmetry predictions no longer apply. Since the relevant hadronic dynamics is governed by the nonperturbative regime of QCD, we are unable at present to make first-principle calculations for exclusive decays. Nevertheless, one can still construct reasonable models, taking into account the low-energy chiral theorems. The simplest prescription 132, 141, 142, 143 consists in extrapolating the chiral predictions to higher values of q 2 , by suitable final-state-interaction enhancements which take into account the resonance structures present in each channel in a phenomenological way. This can be done weighting the contribution of a given set of pseudoscalars, with definite quantum numbers, with an appropriate resonance form factor such as
where M R (Γ R ) denote the mass (width) of the resonance R. The requirement that the chiral predictions must be recovered below the resonance region fixes the normalization of those form factors to be one at zero invariant mass. The extrapolation of the low-energy chiral theorems provides a useful description of the τ data in terms of a few resonance parameters. Therefore, it has been extensively used 128, 132, 141, 142, 143, 144, 145 to analyze the main τ decay modes, and has been incorporated into the TAUOLA Monte Carlo library.
146 However, the model is too naive to be considered as an actual implementation of the QCD dynamics. Quite often, the numerical predictions could be drastically changed by varying some free parameter or modifying the form-factor ansatz. Not surprisingly, some predictions fail badly to reproduce the experimental data whenever a new resonance structure shows up. 147 The addition of resonance form factors to the chiral low-energy amplitudes does not guarantee that the chiral symmetry constraints on the resonance couplings have been correctly implemented. The proper way of including higher-mass states into the effective chiral theory was developed in Refs. 148. Using these techniques, a refined calculation of the rare decay τ − → ν τ ηπ − has been given recently. 149 A systematic analysis of τ decay amplitudes within this framework is in progress.
150
Tau decays offer a very good laboratory to improve our present understanding of the low-energy QCD dynamics. The general form factors characterizing the non-perturbative hadronic decay amplitudes can be experimentally extracted from the Dalitz-plot distributions of the final hadrons. 151 An exhaustive analysis of τ decay modes would provide a very valuable data basis to confront with theoretical models.
QCD ANALYSIS OF THE TAU HADRONIC WIDTH
The inclusive character of the total τ hadronic width renders possible an accurate calculation of the ratio 152, 153, 154, 155, 156, 157, 158, 159, 160, 161 [(γ) represents additional photons or lepton pairs]
using standard field theoretic methods. The theoretical analysis of R τ involves the two-point correlation functions 
where the superscript (J = 0, 1) denotes the angular momentum in the hadronic rest frame. The imaginary parts of the two-point functions Π (J) ij,V /A (q 2 ) are proportional to the spectral functions for hadrons with the corresponding quantum numbers. The hadronic decay rate of the τ can be written as an integral of these spectral functions over the invariant mass s of the final-state hadrons:
The appropriate combinations of correlators are
naive parton model prediction We can separate the inclusive contributions associated with specific quark currents:
(10.7)
R τ,V and R τ,A correspond to the first two terms in (10.6), while R τ,S contains the remaining Cabibbo-suppressed contributions. Non-strange hadronic decays of the τ are resolved experimentally into vector (R τ,V ) and axial-vector (R τ,A ) contributions according to whether the hadronic final state includes an even or odd number of pions. Strange decays (R τ,S ) are of course identified by the presence of an odd number of kaons in the final state.
Since the hadronic spectral functions are sensitive to the non-perturbative effects of QCD that bind quarks into hadrons, the integrand in Eq. (10.5) cannot be calculated at present from QCD. Nevertheless the integral itself can be calculated systematically by exploiting the analytic properties of the correlators Π (J) (s). They are analytic functions of s except along the positive real s axis, where their imaginary parts have discontinuities. The integral (10.5) can therefore be expressed as a contour integral in the complex s plane running counter-clockwise around the circle |s| = m 2 τ : The advantage of expression (10.8) over (10.5) for R τ is that it requires the correlators only for complex s of order m 2 τ , which is significantly larger than the scale associated with non-perturbative effects in QCD. The short-distance Operator Product Expansion (OPE) can therefore be used to organize the perturbative and non-perturbative contributions to the correlators into a systematic expansion 163 in powers of 1/s, It is convenient to express the corrections to R τ from dimension-D operators in terms of the fractional corrections δ (D) ij,V /A to the naive contribution from the current with quantum numbers ij, V or ij, A:
ij,A )/2 is the average of the vector and axial-vector corrections, and the factors contain the known electroweak corrections. Adding the three terms, the total ratio R τ is
where sin
Perturbative corrections
The dimension-0 contribution,
ij,V /A , is the purely perturbative correction neglecting quark masses, which is the same for all the components of R τ . It is given by 152, 153, 154, 155, 156, 157, 158 : 
Π
(0+1) (s) in the massless-quark limit [sΠ (0) (s) = 0 for massless quarks]; they are known 165, 166, 167 to O(α This number is very close to the naïve guess
= 24.8, is obtained 171, 172, 173, 174, 175, 176, 177 in the limit of a large number of quark flavours, using the so-called naive non-abelianization prescription
). From a fit to the experimental τ data, the value K fit 4 = 29 ±5 has been also quoted. Table 14 for different values of the strong coupling constant α s (m 2 τ ). In order to be conservative, and to account for all possible sources of perturbative uncertainties, we have used 157, 158, 161 18) as an estimate of the theoretical error on δ (0) . Note that, for the relevant values of α s , this is of the same size as K 3 A (3) (α s ); thus, this error estimate is conservative enough to apply 158 in the worst possible scenario, where the onset of the asymptotic behaviour of the perturbative series were already reached for n = 3, 4.
There have been attempts 173, 174, 175, 176, 177 to improve the perturbative prediction by performing an all-order summation a certain class of higher-order corrections (the so-called ultraviolet renormalon chains). This can be accomplished using exact large-n f results and applying the naive non-abelianization prescription. 178 Unfortunately, the naive resummation turns out to be renormalization-scheme dependent beyond one loop. 174, 180 More recently, a renormalization-scheme-invariant summation has been presented. 181 The final effect of the higher-order corrections (beyond K 4 ) turns out to be small.
Power corrections
The leading quark-mass corrections δ (2) ij are known 155, 182 to order α 2 s . They are certainly tiny for the up and down quarks (δ (2) ud ∼ −0.08%), but the correction from the strange quark mass is important for strange decays (δ (2) us ≈ −20%). Nevertheless, because of the sin 2 θ C suppression, the effect on the total ratio R τ is only −(1.0 ± 0.2)%.
The leading non-perturbative contributions can be shown to be suppressed by six powers of the τ mass, 152, 153, 154, 155 and are therefore very small. This fortunate fact is due to the phase-space factors in (10.8); their form is such that the leading 1/s 2 corrections to Π
(1) (s) do not survive the integration along the circle. Moreover, there is a large cancellation between the vector and axial-vector D = 6 contributions to the total hadronic width (the D = 6 operator with the largest Wilson coefficient contributes with opposite signs to the vector and axial-vector correlators, due to the γ 5 flip). Thus, the non-perturbative corrections to R τ are smaller than the corresponding contributions to R τ,V /A .
The numerical size of the non-perturbative corrections can be determined from the invariant-mass distribution of the final hadrons in τ decay. 132 Although the distributions themselves cannot be predicted at present, certain weighted integrals of the hadronic spectral functions can be calculated in the same way as R τ . The analyticity properties of Π (J) ij,V /A imply 132,183 :
with W (s) an arbitrary weight function without singularities in the region |s| ≤ s 0 . Generally speaking, the accuracy of the theoretical predictions can be much worse than the one of R τ , because non-perturbative effects are not necessarily suppressed. In fact, choosing an appropriate weight function, non-perturbative effects can even be made to dominate the final result. But this is precisely what makes these integrals interesting: they can be used to measure the parameters characterizing the non-perturbative dynamics.
To perform an experimental analysis, it is convenient to use moments of the directly measured invariant-mass distribution 
183
The predicted suppression 152, 153, 154, 155 of the non-perturbative corrections has been confirmed by ALEPH 162, 184, 185 and CLEO, 186 using the moments (0,0), (1,0), (1,1), (1,2) and (1,3) . The most recent ALEPH analysis 187 gives: 21) in agreement with previous estimates. 
Phenomenology
The QCD prediction for R τ is then completely dominated by the perturbative contribution δ (0) ; non-perturbative effects being of the order of the perturbative uncertainties from uncalculated higher-order corrections. 158, 159, 160, 161 Furthermore, as shown in Table 14 , the result turns out to be very sensitive to the value of α s (m Once the running coupling constant α s (s) is determined at the scale m τ , it can be evolved to higher energies using the renormalization group. The size of its error bar scales roughly as α With α s (m 2 τ ) fixed to the value in Eq. (10.23), the same theoretical framework gives definite predictions 155, 158 for the semi-inclusive τ decay widths R τ,V , R τ,A and R τ,S , in good agreement with the experimental measurements. 162, 190 The separate analysis of the vector and axial-vector contributions allows to investigate the associated non-perturbative corrections. Figure 9 shows 162 the (preliminary) constraints on δ
V and δ
A obtained from the V and δ
A obtained from ALEPH data. 162 The ellipse depicts the combined fit. All results are still preliminary. (Taken from Ref. 162 ). most recent ALEPH analyses. 184, 162, 191 A clear improvement over previous phenomenological determinations 155, 192 is apparent. The Cabibbo-suppressed width R τ,S is very sensitive to the value of the strange quark mass, 155 providing a direct and clean way of measuring m s . A very preliminary value, m s (m Figure 10 , the result exhibits an impressive agreement with the running predicted at three-loop order by QCD. It is important to realize 193 that the theoretical prediction for R 00 τ (s 0 ) does not contain inverse powers of s 0 (as long as the s-dependence of the Wilson coefficients is ignored). The power corrections are suppressed by powers of 1/m 2 τ ; thus, they do not drive a break-down of the OPE. This could explain the surprisingly good agreement with the data for s 0 < ∼ 1 GeV 2 . A similar test was performed before 130 for R τ,V , using the vector spectral function measured in e + e − → hadrons, and varying the value of the τ mass. This allows to study the behaviour of the OPE at lower scales. The theoretical predictions for R τ,V as function of m In addition to provide beautiful tests of perturbative QCD, the hadronic spectral functions measured in τ decay contain valuable dynamical information on non-perturbative aspects of the strong interactions 132 which could greatly enhance our present understanding of these phenomena. For instance, R τ,V − R τ,A is a pure non-perturbative quantity; basic QCD properties force the associated invariant-mass distribution to obey a series of chiral sum rules, 132, 194, 195, 196, 197, 198, 199 which have been recently tested with τ data. 162 The measurement of the vector spectral function 200 ImΠ V (s) has also been used 201 to reduce the present uncertainties in fundamental QED quantities such as α(M Z ) and (g γ µ − 2).
SUMMARY
The flavour structure of the Standard Model is one of the main pending questions in our understanding of weak interactions. Although we do not know the reason of the observed family replication, we have learned experimentally that the number of Standard Model fermion generations is just three (and no more). Therefore, we must study as precisely as possible the few existing flavours to get some hints on the dynamics responsible for their observed structure.
The τ turns out to be an ideal laboratory to test the Standard Model. It is a lepton, which means clean physics, and moreover it is heavy enough to produce a large variety of decay modes. Naïvely, one would expect the τ to be much more sensitive than the e or the µ to new physics related to the flavour and mass-generation problems.
QCD studies can also benefit a lot from the existence of this heavy lepton, able to decay into hadrons. Owing to their semileptonic character, the hadronic τ decays provide a powerful tool to investigate the low-energy effects of the strong interactions in rather simple conditions.
Our knowledge of the τ properties has been considerably improved during the last few years. Lepton universality has been tested to rather good accuracy, both in the charged and neutral current sectors. The Lorentz structure of the leptonic τ decays is certainly not determined, but begins to be experimentally explored. The quality of the hadronic τ decay data has made possible to perform quantitative QCD tests and determine the strong coupling constant very accurately. Searches for non-standard phenomena have been pushed to the limits that the existing data samples allow to investigate.
At present, all experimental results on the τ lepton are consistent with the Standard Model. There is, however, large room for improvements. Future τ experiments will probe the Standard Model to a much deeper level of sensitivity and will explore the frontier of its possible extensions.
